This paper develops a cost model for onshore wind farms in the U.S.. This model is then used to analyze the influence of different designs and economic parameters on the cost of a wind farm. A response surface based cost model is developed using Extended Radial Basis Functions (E-RBF). The E-RBF approach, a combination of radial and non-radial basis functions, can provide the designer with significant flexibility and freedom in the metamodeling process. The E-RBF based cost model is composed of three parts that can estimate (i) the installation cost, (ii) the annual Operation and Maintenance (O&M) cost, and (iii) the total annual cost of a wind farm. The input parameters for the E-RBF based cost model include the rotor diameter of a wind turbine,the number of wind turbines in a wind farm, the construction labor cost, the management labor cost and the technician labor cost. The accuracy of the model is favorably explored through comparison with pertinent real world data. It is found that the cost of a wind farm is appreciably sensitive to *
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NOMENCLATURE

N
The number of wind turbines in a wind farm P 0
The rated power of a turbine (KW ) δ
The relative distance between wind turbines C La
Cost of unit farm land area ($/m 2 ) A La
Wind farm land area (m 2 ) C cp Capital cost ($) c op Operation and maintenance cost coefficient Percentage of the capital cost on an annual rate P r Ex-work price of a wind turbine per kilowatt (e/KW) IC 0
Turn-on key price of a wind turbine plant (e) IC n The future value of the initial investment cost (e) n Wind turbine lifetime (year) γ
The subsidy percentage by government FC n Annual fixed operation and maintenance cost (e) VC n Annual variable operation and maintenance cost (e) q A fraction of the initial investment cost g Annual increase of the operation and maintenance cost n k
The lifetime for certain major part r k
Replacement cost coefficient ρ k
The corresponding level of technological improvements for the k th major component of a turbine Total number of coefficients in E-RBF cost model
INTRODUCTION
In recent years, the U.S. government has emphasized the nation's need for greater energy efficiency and a more diversified energy portfolio. This laid the path for a national effort to explore an energy scenario in which wind would provide 20% of U.S. electricity by 2030 [1] .
The cost of developing a wind farm has received considerable attention both in academia and industry. As shown in the Wind Energy -The Facts [2] , the main factors governing wind farm economics include (i) the installation cost, (ii) the Operation and Maintenance (O&M) cost, and (iii) the electricity production. Figure 1 illustrates a typical breakdown of total cost for an offshore wind farm in shallow water, from the wind turbine purchase to the onshore utility connection, as well as the cost of O&M and decommissioning [3] . It can be seen that the installation cost (including the cost of (i) wind turbine purchase, (ii) support structure and (iii) grid connection) and the O&M cost take up 95% of the total cost. The cost of installing and operating a wind farm depends on a number of factors. The objective of this paper is to develop a model that can estimate the cost of installation and O&M based on appropriate input parameters. The paper consists of six sections. The literature review is discussed in the second section. In the third section, five existing wind farm cost models are presented in detail. The fourth section presents the new Extended Radial Basis Function (E-RBF) [4] based cost model. The training data used is from the Energy Efficiency and Renewable Energy Program conducted by U.S. Department of Energy [5] . In the fifth section, the E-RBF based cost model is validated by comparing the estimated cost values with real world data. The last section provides concluding remarks. Copyright c 2010 by ASME
LITERATURE REVIEW
The following section is divided into two parts. The first presents a brief overview of the work on wind energy cost analysis that has been done in the last 20 years. An overview of wind energy in the U.S. is given in the second part.
Cost Analysis Review
Several models have been developed to estimate the cost for both onshore and offshore wind farms in Europe [6] [7] [8] [9] . A Geographical Information System (GIS) based cost model for the estimation of the cost of energy was developed by Structural and Economic Optimization of Bottom-Mounted Offshore Wind Energy Converters (OWECS) in 1998. The model allowed rapid estimation of the economic viability of certain OWECS concepts over a large geographic area, and it also permitted identification of sites economically best suited, as locations for OWECS [6, 7] . The Energy Research Centre of the Netherlands (ECN) has developed a computer program named Offshore Wind Energy Costs and Potential (OWECOP) in order to quantify the cost of energy production for offshore wind energy, which has a combination of a GIS database with ExcelTM workbook. A probabilistic analysis was implemented into the OWECOP cost model to form the OWECOP-Prob [8] . An investigation of the transport and installation cost of offshore wind farm has been carried out and implemented in the OWECOP II model of ECN [10] .
In addition, there also exist in the literature approximate analytical expressions for the cost of a wind farm as a function of different contributing factors. In Kaldellis and Gavras's [11] , a complete cost-benefit analysis model adapted for the Greek market was developed, in order to calculate the pay-back period and the economic efficiency for lifetime operation (10 to 20 years). The results showed that (i) the profitability was particularly sensitive to the changes in the capital cost, the capacity factor, the electricity escalation rate and the initial installation cost; (ii) the profitability was slightly less sensitive to the changes in the O&M cost; and (iii) the impact of the wind turbine rated power and the inflation rate was limited. Kiranoudis et al. [12] evaluated the parameters of the proposed short cut wind efficiency model for all types of turbines studied, using approximate mathematical expressions to represent the installation cost and the annual O&M cost of a wind farm. This cost structure was later used as the objective function by Sisbot et al. [13] , in which a multiobjective genetic algorithm approach was employed to obtain optimal placement of wind turbines by maximizing the power production capacity, while constraining the budget of the installed turbines.
Life Cycle Cost (LCC) calculates the total cost for an engineering system during its entire lifetime. The total cost takes into account the planning, purchase, installation, operation and maintenance, and liquidation of a wind farm [14] [15] [16] . Nilsson and Bertling [14] presented a life cycle cost analysis with strategies where Condition Monitoring System (CMS) improved maintenance planning for a single onshore wind turbine (Olsvenne2 at Nasudden) and a offshore wind farm (Kentish Flats). The purpose of CMS is to continuously monitor the performance of wind turbine parts and help determine the optimal time for specific maintenance. A risk-based life cycle approach for optimal planning of O&M, which considered the uncertainty related to the deterioration and the future cost related to inspection/monitoring, maintenance, repair and failure, was described by Sorensen [15] .
O&M costs are related to a limited number of cost components, which includes (1) insurance, (2) regular maintenance, (3) repair, (4) spare parts, and (5) administration [2] . O&M for offshore wind farm contributes a substantial part of the total life cycle cost, and can be expected to increase when the wind farm is placed at deeper water depth and in a harsher environment. Sufficient work has been done to optimize the O&M strategy [10, 14, 15, [17] [18] [19] .
In addition to those discussed above, social cost of noise pollution [20] and the effect of site property [21] [22] [23] were also investigated in the cost analysis.
Overview of Wind Energy in The U.S.
The information provided here is mainly based on onshore wind farm in the U.S.. Table 1 presents the annual and cumulative capacity of power in various Countries. Specially, Annual Capacity is the wind power installed in a single year and Cumulative Capacity is the total installed wind power up to date. It can be seen from Table 1 that the U.S. led the world in 2008 wind capacity additions and in cumulative capacity [24] .
In this section, we presented some of the existing work on cost analysis of a wind farm and an overview of wind energy in the U.S.. From the information discussed above, it can be seen that the U.S. has the largest wind power capacity in the world, and has sustained growth in the wind energy market. Thus, an accurate model which can estimate the cost of a wind farm for the U.S. wind energy market is essential. The details of several existing cost models are discussed in the next section.
COST MODELS COMPARISON
In order to develop a new wind farm cost model for the U.S. wind energy market, the benefits and drawbacks of the existing cost models are explored. Five cost models are presented in this section. They are (1) the short cut model; (2) Copyright c 2010 by ASME 
Short Cut Model
The short cut cost model was proposed by Kiranoudis et al. [12] . Fig. 2(a) shows the input and output structure of the short cut model. The short cut model uses mathematical equations to calculate the total cost, which can estimate the influence of various factors on the total cost. However, a number of important factors have been neglected, such as the lifetime of a wind turbine and certain economic factors (e.g., years financed, percentage financed and interest rate).
Cost Model For The Greek Market
Kaldellis and Gavras [11] developed a complete cost-benefit analysis model that was adapted for the Greek market, in order to calculate the pay-back period and the economic efficiency for life cycle. The cost model also used mathematical expressions, similar to the short cut model, which is convenient to find how the parameters influence the final cost. Thus, sensitivity analysis can be performed. However, there are two limitations in this model: i) the major limitation is the input parameters of the model are not sufficient and some important factors have been neglected, and ii) the second major limitation is that this model only works for a single wind turbine.
OWECOP-Prob Cost Model
OWECOP (Offshore Wind Energy Costs and Potential) was developed by ECN in order to quantify the investment costs of offshore wind energy. The probabilistic model implemented into OWECOP is called OWECOP-Prob [8] . Figure 2 (c) shows the input and output structure of the OWECOP-Prob cost model.
The input parameters of the OWECOP-Prob cost model are stochastic, just as in the real world situation. However, the values of approximately 100 input parameters have to be determined and some of them are particularly difficult to estimate.
JEDI-Wind
The Jobs and Economics Development Impact (JEDI) Model was developed in 2002 to illustrate the economic benefits associated with developing wind farm in the United States [5] .The data used in this model is from the project developers and surveys. The JEDI-Wind cost model is developed according to the U.S. wind energy market. However, it has the same drawback as OWECOP-Prob cost model, that is too many input parameters are needed to be determined and some of them are difficult to obtain. In addition, it is not a analytical model.
Opti-OWECS Cost Model
The Opti-OWECS cost model was introduced by the Renewable Energy Center, University of Sunderland in 1997 [25] , which is composed of wind turbine cost, support structure cost, grid connection cost and O&M cost. Figure 2 (e) shows the input and output structure of the Opti-OWECS cost model.
The benefits of the Opti-OWECS cost model is that grid connection and wind turbine failures have been included. Nevertheless, it also has the drawbacks of too many input parameters and neglecting the financial factor.
In the above section, the benefits and drawbacks of five existing cost models were compared and analyzed (Table 2) . Based on the comparison results, a new Extended Radial Basis Function (E-RBF) cost model for the U.S. wind energy market is presented in the following section.
E-RBF COST MODEL FOR THE U.S.
To the best of our knowledge, an analytical cost model for the U.S. wind energy market does not seem to be available in the literature. In this paper, a new E-RBF cost model is developed, which can better estimate the cost of a wind farm for the U.S. wind energy market. Figure 2(f) shows the input and output structure of the E-RBF cost model, and the comparison results between the E-RBF cost model and the existing models are 4 Copyright c 2010 by ASME (a) SHORT CUT MODEL [12] (b) GREEK MARKET MODEL [11] (c) OWECOP-PROB COST MODEL [8] (d) JEDI-WIND MODEL [5] (e) OPTI-OWECS COST MODEL [25] (f) E-RBF COST MODEL
Figure 2. INPUT AND OUTPUT STRUCTURE OF EACH COST MODEL
given in Table 2 . From Table 2 , it can be seen that the E-RBF cost model has the following benefits:
1. Analytical expression available 2. Includes life cycle cost 3. Financial parameters available, and 4. Appropriate input and output parameters used
In addition, the data used to develop and test the E-RBF cost model is from the Energy Efficiency and Renewable Energy Program conducted by U.S. Department of Energy.
The remainder of this section is structured as follows:
1. Introducing the general metamodeling problem 2. Presenting the extended radial basis function (E-RBF) approach, and
Developing the E-RBF cost model
General Metamodeling Problem
The E-RBF method developed by Mullur and Messac [4] is a metamodeling approach. The general metamodeling problem can be stated as follows [4] : "Given a set of data points x i ∈ R m , i = 1, · · · , n p , and the corresponding expensive function values, f (x i ) , obtain a global approximation function,f (x) , that accurately represents the original function over a given design domain".
Interpolating metamodels are capable of yielding globally accurate response surface, and typically satisfy the following set Copyright c 2010 by ASME 
Mathematical expression
Pros and Cons
Pros P 1 , P 10 P 1 , P 2 , P 8 P 3 , P 6 , P 2 , P 8 P 1 , P 2 , P 4 P 9 , P 10 P 7 , P 8 P 5 , P 6 , P 7 Copyright c 2010 by ASME of conditionsf
which indicates that the function, f , and the approximation,f , are equal at all prescribed (n p ) data points. Typical interpolating metamodels include 1) Quadratic Response Surface Methodology (QRSM); 2) Radial Basis Functions (RBFs); 3) Extended Radial Basis Functions (E-RBF) and 4) Kriging. The E-RBF approach, which has been illustrated to be a robust metamodeling technique by Mullur and Messac [4, 26] , is adopted in this paper.
Extended Radial Basis Function (E-RBF) Approach
The extended radial basis function approach uses a combination of radial and non-radial basis functions, which possesses the appealing properties of both types of basis functions: the effectiveness of the multiquadric RBFs, and the flexibility of the N-RBFs [4] .
Radial Basis Functions (RBFs)
The idea of using radial basis functions (RBFs) as approximation functions was first proposed by Hardy [27] in 1971, where he used the multiquadric RBFs to fit irregular topographical data. Since then, RBFs has been used for several applications that require global approximations of multidimensional scattered data [28] [29] [30] .
Radial basis functions are expressed in terms of the Euclidean distance, r = x − x i , of a point x from a given data point, x i . Perhaps one of the most effective forms is the multiquadric function [27, 29] which is defined as
where c > 0 is a prescribed parameter. The final approximation function is a linear combination of these basis functions across all data points, as given bỹ
where σ i are unknown coefficients to be determined, and n p denotes the number of prescribed data points. The number of coefficients is equal to the number of sample points, n p .
Non-Radial Basis Functions (N-RBFs)
The Nonradial basis functions (N-RBFs) are not functions of the Euclidean distance, r. Instead, they are functions of the individual coordinates of generic points x relative to a given data point x i , in each dimension separately. The N-RBFs for the i th data point and the j th dimension is denoted by φ i j . It is composed of three distinct components, as given by
where α L i j , α R i j and β i j are coefficients to be determined for the given problem.
From Table 3 and Fig. 3 , It can be seen that the N-RBFs are linear in regions I and IV , and that they are a sum of n th degree monomials and the linear terms in regions II and III. 
Extended Radial Basis Function (E-RBF)
The E-RBF approach incorporates both RBFs and N-RBFs, and the approximation function takes the form
where φ L , φ R and φ β are components of the nonradial basis functions (N-RBFs). The vectors α L , α R and β, defined above, contain mn p elements each, and the vector σ contains n p coefficients. Thus, the total number of coefficients to be determined is given by (3m + 1)n p . Two methods that can be used to solve Eqn. (5) 7 Copyright c 2010 by ASME 
are linear programming and pseudo inverse. In this paper, the pseudo inverse approach is adopted to solve the coefficients. The pseudo inverse (A + ) of an m × n matrix (A) is a generalization of the inverse matrix, which is commonly used to compute a best fit solution to a system of linear equations that lacks a unique solution [31] . Details of the E-RBF approach can be found in the paper by Mullur and Messac [4] .
E-RBF Cost Model
The E-RBF cost model is divided into three parts to estimate (i) the installation cost, (ii) the annual O&M cost, and (iii) the total annual cost of a wind farm. As discussed above, the number of coefficients of the E-RBF cost model, n u = (3m + 1)n p , is based on the number of data points. Table 4 shows the number of coefficients for each part of the E-RBF cost model. Thus, although the E-RBF cost model presents a mathematical expression, all the coefficients (n u ) have not been listed in this paper.
Table 4. FUNCTION LIST OF THE E-RBF COST MODEL
Model
No. of Data n u expression variables points
Parameter Selection for E-RBF Cost Model We briefly comment on selecting parameters in the E-RBF approach definition. Consequently, we simply use c = 0.9 and λ = 4.75 for the E-RBF approach, for all the functions approximated. Additionally, we hold the parameter t of the E-RBF approach fixed at 2 (second degree monomial). The values are show in Tab. 5. Installation Cost Installation costs, which consist of the cost of wind turbines, support structure cost, equipment cost, material cost and construction labor cost, are based on the national average cost adjusted for geographic differences in construction labor cost. The installation cost model is developed using data from 40 different states of the U.S.. Selected sample data of several states is shown in Table 6 . The model is validated in the next section by comparing the estimated installation cost in some other regions with the real world data. In general, the model can be expressed as (Table 4 ) Table 7 lists sample data from the states of California and Colorado. In general, the model can be expressed as (Table 4 ) Total Annual Cost This subsection develops a model that can estimate the total annual cost of a wind farm based on the number and the rotor diameter of wind turbines. The model can be expressed as (Table 4 )
The total annual cost data, which is equal to the sum of annual installation cost and O&M cost, is calculated as
where n is the lifetime of a wind turbine. It is assumed that the installation cost is divided equally for each year during the lifetime of a wind turbine. The rotor diameter, which is directly related to the rated power and the power generated in a rate farm, is a key parameter of a wind turbine. In order to investigate the effect of rotor diameter on the cost of a wind farm, a survey of leading wind turbines has been done. Table 8 shows the rated power, the rotor diameter and the hub height of wind turbines designed by major manufactures in the U.S. market. From Table 8 , it can be observed that wind turbines with different rotor diameters may have the same rated power. Here, for every specific rated power, an average rotor diameter value is calculated, which is given in Table 9 .
The inputs to the total annual cost model are the number and the rotor diameter of wind turbines installed in a wind farm, and the output is the total annual cost of a wind farm. All the 101 sets of data points are for the state of New York region, and the selected sample data is shown in Table 10 .
In the E-RBF cost model, the wind turbine lifetime (n), the number of years financed (n f i ), the percentage financed (θ) and the interest rate (η) are specified as 20 years, 10 years, 80% and 10%, respectively.
In the above section, the extended radial basis function (E-RBF) approach was presented, and a new E-RBF cost model was developed using this approach. The validation of the model and the estimated results will be discussed in the next section.
RESULTS AND DISCUSSION
In this section, we use the E-RBF cost model and present the estimated installation cost, annual O&M cost and total annual cost of a generic wind farm.
Estimated Installation Cost
The estimated installation costs for eleven states in the U.S. are shown in Table 11 and Fig. 4 . The reference installation costs are from the Energy's Energy Efficiency and Renewable Energy Program. The error is calculated by
where f p represents the estimated value and f re f is the reference value. The installation cost model is developed using 40 data points, which is sufficient to ensure the accuracy of the model. From Table 11 and Fig. 4 , it is seen that all the estimated installation costs are nearly equal to the reference values. In Fig. 4,   9 Copyright c 2010 by ASME States in the U.S. installation cost of a wind farm. Figure 5 shows the relation between the installation cost and the cost of construction labor. It can be seen that the installation cost increases with the cost of construction labor. The installation cost increases from $1, 982/KW to $2, 040/KW while the 10 Copyright c 2010 by ASME cost of construction labor changes from $10/h to $28/h, which is increased by 2.93%. The result suggests that the installation cost is not particularly sensitive to the cost of construction labor, since the labor cost is a relatively small percentage of the total installation cost.
Estimated Annual O&M Cost
The E-RBF annual O&M cost model is validated by estimating the O&M cost of a wind farm in the state of New York. The input parameters are the number of turbines, the cost of technician labor and management labor. Both the estimated and real world reference annual O&M cost are shown in Table 12 and Fig. 6 . In Fig. 6 , the black bar represents the annual O&M cost estimated by the E-RBF cost model, and the light grey bar is the real wind farm data. The largest error is 0.80% when there are 70 wind turbines installed in a wind farm, which is acceptable and illustrate how the E-RBF cost model estimates the annual O&M cost of a wind farm. Figure 7 shows the relation between the annual O&M cost and the number of wind turbines. From Fig. 7 , it can be observed that, when the number of wind turbines increases from 10 to 100, the annual O&M cost decreases sharply from $26.67/KW to $21.60/KW , approximately 19.01%, which manifests that the number of wind turbines exerts a great influence on the annual O&M cost of a wind farm. Roughly, the annual O&M cost increases one dollar for each 20 wind turbines. However, it can also be seen that when the number of wind turbines is small (less than 20), the corresponding change in the annual O&M cost is not clearly evident. Figure 8 presents the relation between the annual O&M cost and the cost of management labor. As shown in Fig. 8 , the an-
11
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Estimated Total Annual Cost
The variation of the total annual cost, with the number and the rotor diameter of wind turbines, is shown in this subsection. The estimated result is tested by comparing with the real wind farm data in the state of New York region, which is shown in Table 13 and Fig. 9 . In Fig. 9 , the black bar represents the annual total cost estimated by the E-RBF cost model, and the light grey bar is the real world data. It can be seen that the largest error is 0.60% for case 9 (the rotor diameter and the number of wind turbines are 100 and 30, respectively), and the estimated total annual costs are almost equal to the reference values for the other eight cases. Figure 10 shows the relation between the total annual cost and the rotor diameter of a wind turbine. The total annual cost decreases from $131.3/KW to $126.4/KW (approximately 3.73%) when the rotor diameter of a wind turbine increases from 50m to 100m. It also can be observed that the total annual cost decreases slowly when the rotor diameter is less than 70m; then the total 12 Copyright c 2010 by ASME annual cost begins to decrease sharply when the rotor diameter changes from 70m to 85m. If the rotor diameter continues to increase beyond 85m, the change of the total annual cost is particularly limited. Figure 10 and Table 9 indicate that the use of small wind turbine is not generally cost effective. Figure 11 shows the relation between the total annual cost and the number of wind turbines. The total annual cost decreases from $132/KW to $127/KW (approximately 3.79%) while the number of wind turbines increases from 10 to 100. It can also be observed that the total annual cost does not change significantly In this section, the E-RBF cost model was validated and a number of parameters related to the cost of a wind farm were analyzed.
CONCLUSION
In this paper, an Extended Radial Basis Function (E-RBF) cost model was developed based on real world data of wind 13 Copyright c 2010 by ASME farms. The E-RBF cost model can estimate the installation cost, the annual O&M cost and the total annual cost of a wind farm. In addition, the E-RBF cost model used mathematical expressions to estimate the cost of a wind farm, which can be used to explore the influence of various factors on the cost. The cost model developments allow for a preliminary estimation of the cost of a wind farm. The resulting model can be a useful tool for wind farm designers and investors. The number of wind turbines was not included in the E-RBF installation cost estimation model, because we don't have sufficient training data to explore the relation between the installation cost and the number of wind turbines. Further areas of research include (i) adding the cost of grid connection; and (ii) optimizing the operation and maintenance strategy.
